cabin altitude equivalent of 2438 m under normal operating conditions. 3, 4 At 2438 m, the reduced partial pressure of oxygen in inspired air typically results in a decrease in arterial oxygen saturation to about 93% in healthy resting individuals, although there is considerable variability in the response. 5 Larger reductions may be expected in older individuals and those with cardiac or pulmonary disease. 6 There is experimental evidence from studies of cultured human venous endothelial cells that exposure to hypoxia may increase procoagulant activity 7 and inhibit fibrinolysis. 8 In addition, a small uncontrolled study of healthy volunteers showed a transient increase in markers of coagulation activation during exposure to hypobaric hypoxia. 9 We performed a controlled study (from September 2003 to November 2005) to assess the effects of hypoxia, similar to that which might be encountered during commercial air travel, on a comprehensive range of markers of activation of the hemostatic system.
METHODS

Study Design
A crossover study design was used to compare the effects of prolonged sitting in a hypobaric hypoxic environment with those of sitting for the same period in a normobaric normoxic environment on hemostatic function. The study was performed within the framework of the WRIGHT (World Health Organization Research Into the Global Hazards of Travel) project, which is a multicenter collaborative study carried out under the auspices of the World Health Organization. The WRIGHT project was designed to provide key information on the frequency of venous thrombosis, the magnitude of its association with air travel, and the causal mechanisms involved, as well as clues on possible preventive strategies, and to lay scientific groundwork for future international research in the area. The hypobaric and normobaric exposures were performed in hypobaric chambers at the Royal Air Force Centre of Aviation Medicine, Henlow, and the University of Aberdeen. The study was approved by the Leicestershire Health Authority Research Ethics Committee, the Grampian Research Ethics Committee, and the Royal Air Force Experimental Medicine Ethics Committee. All individuals provided written informed consent.
Healthy Volunteers
The healthy volunteers were recruited by local advertisement and assigned to 1 of 3 groups (TABLE 1). Group 1 was made up of individuals between the ages of 18 and 40 years who did not have known risk factors for venous thromboembolism. Group 2 was made up of women between the ages of 18 and 40 years who were taking a combined oral contraceptive pill. Group 3 was made up of individuals aged 50 years or older. Individuals were excluded if they or a first-degree relative had a history of venous thromboembolism, or if they had taken anticoagulant or antiplatelet medication in the 2 weeks before the study. Individuals were screened for factor V Leiden G1691A and prothrombin G20210A mutation and excluded if they tested positive. Air travel was not permitted within 1 week before each hypobaric and normobaric exposure.
Hypobaric Chambers
The hypobaric facilities were 2-compartment chambers of approximately 2-m internal diameter with seating for 6 to 8 individuals (Henlow facility: Aeroform, Poole, England; Aberdeen facility: Magpie Engineering, Fraserburgh, Scotland). The temperature was thermostatically controlled (mean range, 17°C-22°C). Humidity was determined by the ambient conditions and airflow (mean range, 34%-56%).
Experimental Protocol
Individuals were seated in the chamber and exposed for 8 hours to normobaric normoxia or hypobaric hypoxia, equivalent to the prevailing atmospheric conditions at ground level (54 m and 70 m above mean sea level at Henlow and Aberdeen, respectively) or an altitude of 2438 m, respectively. Each individual was exposed to both conditions, at least 1 Abbreviations: HH, hypobaric hypoxia; NN, normobaric normoxia; OCU, oral contraceptive user; SaO2, arterial oxygen percent saturation. *In group 3, 11 of the 12 individuals were exposed first to normobaria, which resulted in some imbalance with respect to age. †Calculated as weight in kilograms divided by the height in meters squared.
week apart, in a quasi-random order (individual availability was matched to preassigned dates on which the type of exposure was determined by the chamber staff according to operational considerations). Studies were performed at the same time of day to control for circadian changes in hemostatic markers. Individuals were not told of the assigned exposure, although blinding could not be ensured due to possible perception of otitic pressure changes during the hypobaric exposure. Depressurization and repressurization were both gradual over 10 to 20 minutes. Individuals were permitted to stand and move about for up to 5 minutes per hour. Continuous visual surveillance was maintained and arterial oxygen saturation was monitored by pulse oximetry and recorded hourly. Individuals were permitted to drink nonalcoholic beverages and were given a light midday meal and snacks. Individuals were asked to report any symptoms or signs of venous thromboembolism during or within a week after each hypobaric and normobaric exposure.
Blood Sampling and Processing
Blood was taken by clean venipuncture, using a 21-gauge butterfly needle, before each exposure (between 7:30 AM and 9 AM) and within 20 minutes after leaving the chamber (between 3:30 PM and 5 PM). Blood was collected into Vacutainer tubes (Becton Dickinson, 
D-Dimer
Unpaired data are included for individuals in whom data were only available for 1 of the 2 conditions. Squares indicate medians (95% confidence intervals) for each group. mol; both from Sigma Chemical Co Ltd, Poole, England), measured as the binding of fibrinogen to glycoprotein IIb/ IIIa, was analyzed as previously described. 11 Activation was expressed as the percentage of monocytes with platelets bound or the platelets positive for fibrinogen binding, respectively.
Analysis of Plasma Samples
Coagulation Activation. Prothrombin fragment 1 ϩ 2 and thrombin-antithrombin complex (TAT) were measured by enzyme-linked immunosorbent assay (ELISA; Dade Behring, Marburg, Germany). Factors VII and VIII, prothrombin time, and activated partial thromboplastin time were determined using clotting assays on a Behring Coagulation System with reagents and protocols from the manufacturer (Dade Behring). Plasma concentrations of factor VIIa were de- 
Coagulation Activation
Thrombin-antithrombin complex, ng/mL 1.9 (1.4 to 2.1) 1.9 (1.5 to 2. termined on the Behring Coagulation System by the StaClot VIIa-rTF method (Diagnostica Stago, Asnieres-surSeine, France). Tissue factor pathway inhibitor activity was measured on the Behring Coagulation System using a method described by Sandset et al. 12 Endogenous thrombin potential and the endogenous thrombin potentialbased activated protein C sensitivity ratio were determined as described by Rosing et al. 13 Fibrinolysis. D-dimer was measured using the VIDAS D-dimer new (DD2) immunoassay and miniVI-DAS analyzer (bioMé rieux, Marcy L'Etoile, France). In-house ELISAs were used to measure tissue plasminogen activator 14 and plasminogen activator inhibitor type-1. 15 Plasmin-antiplasmin complexes were measured by ELISA from Technoclone (Vienna, Austria).
Platelet Activation. Soluble Pselectin (R&D Systems, Oxford, England) and ␤-thromboglobulin (Roche Diagnostics, Lewes, England) were measured by ELISA as markers of in vivo platelet activation.
Endothelial Activation. ELISAs were used to measure soluble E-selectin (R&D Systems Ltd), von Willebrand factor (antibodies from Dako, Glostrup, Denmark), and soluble thrombomodulin (Diagnostica Stago).
All plasma assays were performed in duplicate after completion of the study by laboratory personnel who were unaware of the participants' identities or the type of exposure (normobaric or hypobaric). For each marker, all samples were analyzed in the same laboratory using assays and reagents from a single batch.
Statistical Analysis
The sample size was based on published data. 9 Assuming an SD of 4 ng/mL for TAT, 0.2 nmol/L for prothrombin fragment 1ϩ2, and 80 ng/mL for D-dimer, a study with 70 individuals would have 80% power to detect minimum differences of 1.5 ng/mL, 0.1 nmol/L, and 30 ng/mL, respectively, in the mean difference of change from baseline between the normobaric and hypobaric exposures at the .01 level of statistical significance. The analysis of primary outcomes was based on the difference in the change from baseline between normobaria and hypobaria; the Wilcoxon signed rank test was used. Absolute change from baseline was used as the primary effect measure because correlation between baseline and postexposure values was generally considerable (rϾ0.50) and the use of absolute change (rather than percentage change) has been shown to be more powerful in such situations. 16 Exposure-period interaction was assessed by comparing the median response (across both the normobaric and hypobaric exposures) between the 2 allocation sequences (ie, normobaric normoxia followed by hypobaric hypoxia; hypobaric hypoxia followed by normobaric normoxia), using a Mann-Whitney test. 17 As a sensitivity test, a first period analysis was also performed. 17 All analyses were performed using Stata software version 8.2 (StataCorp, College Station, Tex). P values were interpreted conservatively due to multiple comparisons, for which no adjustment was made.
RESULTS
Seventy-three individuals participated in the study. Demographic and clinical characteristics are shown in Table 1 . All individuals completed the study but blood samples were unavailable for 1 individual after the normobaric exposure and for 1 individual before and after the hypobaric exposure. Both of these individuals were in group 3. In some instances, technical problems resulted in missing data for 1 or more assays or time points. However, data were available for all assays on the primary outcome (ie, the difference in change between the 2 conditions) for at least 63 individuals. No clinically evident venous thromboembolism was reported during or within 1 week after the exposures.
Arterial Oxygen Saturation
Arterial oxygen saturation, expressed as the mean of the hourly measurements, was lower in all groups during the hypobaric exposure than during the normobaric exposure ( Table 1 ). The mean differences between the normobaric and hypobaric exposures were -3.2% (95% confidence interval [CI], -2.8% to -3.6%) for group 1; -3.6% (95% CI, -2.7% to -4.5%) for group 2; and -5.1% (95% CI, -4.5% to -5.8%) for group 3 (PϽ.001 for each comparison).
Coagulation Activation and Fibrinolysis
During the normobaric exposure, which provided a control for the combined effects of prolonged sitting and circadian variation, there were significant changes in several markers of coagulation activation and fibrinolysis. There was, however, no significant difference in the overall change for any marker between the normobaric and the hypobaric exposures in either the individual groups (FIGURE 1) or the combined data (TABLE 2, TABLE 3, and  TABLE 4 ). Supplementary tables containing the data for each group are available online at http://www.le.ac.uk/cv/ wrightsuppldata.pdf.
Two individuals in group 1 had elevated levels of TAT (Ͼ10 ng/mL) before the hypobaric exposure (18.9 ng/mL and 11.8 ng/mL). These may be attributable to artifact, although no problem was reported with venepuncture in either case. The data from these individuals were included in the primary analysis but a sensitivity analysis excluding them In the absence of an overall effect of hypoxia, an exploratory analysis was performed to assess whether some individuals might be hyperresponsive. The number of individuals for whom the absolute change in TAT, prothrombin fragment 1ϩ2, and D-dimer exceeded a threshold (defined as the 95th percentile in the normobaric exposure) was compared for the hypobaric and the normobaric exposures. For each marker, the number of high responders was greater in hypobaria than in normobaria (TAT, 7 vs 3 high responders; prothrombin fragment 1 ϩ 2, 7 vs 3 high responders; D-dimer, 8 vs 3 high responders; respectively). However, comparing the response of each individual to hypobaria and to normobaria, these differences were less apparent. FIGURE 2 shows the difference between the responses in hypobaria and in normobaria for each participant, plotted in rank order. Comparing the tails of the distribution for each marker, the number of high responders in hypobaria (defined as a difference in change exceeding the 95th percentile) was not significantly different from the number of high responders in normobaria (TAT, 4 vs 5 high responders; prothrombin fragment 1ϩ2, 4 vs 3 high responders; D-dimer, 4 vs 2 high responders; respectively) using the same cut-off values (TAT, 2.32 ng/mL; prothrombin fragment 1 ϩ 2, 0.26 nmol/L; D-dimer, 90 ng/mL). Neither was there any significant difference between the magnitude of hyperresponsiveness in the outliers at either end (difference between medians for those above the 95th percentile and below the 5th percentile for TAT, -2.6 ng/mL [95% CI, -11.9 to 14.3 ng/mL]; prothrombin fragment 1 ϩ 2, 0.55 nmol/L [95% CI, -0.05 to 0.66 nmol/L]; and D-dimer, 277 ng/mL [95% CI, -42 to 445 ng/mL]). The findings were similar using the 90th and 10th percentiles and when the 2 participants with high baseline TAT were excluded.
Platelet and Endothelial Activation
During the normobaric exposure, there was a small increase in monocyteplatelet aggregates. There was, however, no significant difference between the responses to the normobaric and hypobaric exposures. There was no other evidence of platelet activation or responsiveness, or endothelial activation (Table 2, Table 3, and Table 4 and 5  10  15  20  25  30  35  40  45  50  55  60  65  69 Higher Response in Normobaria
Higher Response in Hypobaria HH indicates hypobaric hypoxia; NN, normobaric normoxia. FIGURE 4 ), apart from a small increase in soluble E-selectin after the hypobaric exposure. This contrasted with a small decrease after the normobaric exposure, the median difference in change in the pooled data was 1.87 ng/mL (95% CI, 0.76-3.69 ng/mL; P=.01). A similar pattern was seen in all subgroups but the median difference in change was greatest in group 3 (3.93 ng/mL [95% CI, 1.70-7.68 ng/mL; P = .02]; see Figure 4 and the supplementary tables at http://www.le.ac.uk /cv/wrightsuppldata.pdf).
FIGURE 3 and
Blood Cell Count and Hematocrit
Red blood cell count, white blood cell count, platelet count, and hematocrit increased after both the normobaric and hypobaric exposures in all groups but the combined data showed no significant differences between normobaric normoxia and hypobaric hypoxia. The most marked changes were in white blood cell count, which increased by 14.9% of the preexposure value after the normobaric exposure and 8.9% after the hypobaric exposure. The corresponding figures for platelet count were 7.5% and 6.6%. The increases in red blood Unpaired data are included for individuals in whom data were only available for 1 of the 2 conditions. Squares indicate medians (95% confidence intervals) for each group.
cell count and hematocrit were all less than 2%.
Exposure-Period Interaction
None of the tests for an exposureperiod effect was statistically significant at the .01 level. The first period analysis also was concordant with the overall results. For all analytes, the median difference in change from baseline between the hypobaric and normobaric exposures was not statistically significant at the .01 level.
COMMENT
In this large controlled study with measurement of a wide range of markers of coagulation activation, fibrinolysis, platelet activation, and endothelial cell activation, we found no procoagulant changes attributable to hypobaric hypoxia. Although changes in some parameters were observed after sitting for 8 hours in a hypobaric and hypoxic environment, there were no significant differences compared with the changes observed after sitting for the same period in a normobaric and normoxic environment, apart from the small increase in soluble E-selectin, which was discordant with other markers of endothelial activation and most likely due to chance. The changes observed during both the hypobaric and normobaric exposures most likely reflect the combined effects of prolonged sitting and circadian variation in clotting parameters, which is thought to account for a relatively hypercoagulable state with decreased fibrinolysis during the morning. 18 The observed decreases in prothrombin fragment 1ϩ2, plasminogen activator inhibitor type-1, and Ddimer are consistent with known diurnal changes. 18, 19 However, the increase in factor VIIa and factor VIIIc, and the decrease in tissue plasminogen activator, prothrombin time, and activated partial thromboplastin time would not be expected from the usual circadian fluctuation 20, 21 and were presumably due to prolonged sitting. This also may explain the small increase in monocyteplatelet aggregates, which is at variance with the reported diurnal pattern of platelet activation, 22 and the decrease in soluble thrombomodulin, which is not believed to show significant diurnal variation. 23 The relevance of these minor and disparate changes after prolonged sitting in either normobaric normoxia or hypobaric hypoxia is uncertain but it is noteworthy that there was no significant change in endogenous thrombin potential, a global marker of coagulation activation.
The absence of an overall effect of hypobaric hypoxia on coagulation activation in our study contrasts with the findings of Bendz et al, 9 who reported an increase in TAT, prothrombin fragment 1ϩ2, and factor VIIa, and a decrease in factor VII antigen and tissue factor pathway inhibitor, in a group of 20 healthy men exposed for 8 hours to hypobaric hypoxia equivalent to an altitude of 2400 m. In that study, the individuals' activity was not restricted during the exposure. The study has been criticized because there was no normobaric control and baseline levels of TAT and prothrombin fragment 1ϩ2 were inexplicably high, raising the possibility of artifact associated with blood sampling or processing. 24 The changes in TAT and prothrombin fragment 1 ϩ 2 were also transient, with peak levels after 2 hours, prompting the investigators to suggest that the rapid transition to hypobaria might account for their findings. 25 We chose not to perform interim blood sampling to avoid the risk of coagulation activation by repeated venepuncture. Although we might have missed transient changes, the study by Bendz et al 25 did show persistent albeit submaximal elevation of TAT and prothrombin fragment 1ϩ2 at 8 hours, which was not found in our larger study.
Three subsequent studies found no overall effect of normobaric hypoxia. Hodkinson et al 26 studied 6 healthy men who breathed a hypoxic gas mixture (equivalent to air at 3660 m) or dry air while seated for 3 hours. Arterial oxygen saturations during the hypoxic exposure were 82% to 91%. Despite this, there was no significant effect on a range of markers of hemostatic and endothelial function. Crosby et al 27 exposed 8 healthy individuals alternately to normobaric hypoxia (equivalent to breathing air at 3600 m) and air while seated in a small chamber for 8 hours. They found no significant effect of hypoxia on TAT, prothrombin fragment 1ϩ 2, factor VIIa, or D-dimer. Dick et al 28 compared the effects of hypoxia, achieved by breathing 16% oxygen, and normoxia in 6 volunteers and also found no significant effect of hypoxia on TAT, prothrombin fragment 1ϩ2, or D-dimer at 3 hours.
We are aware of only 2 previous controlled studies of hypobaric hypoxia. A group from Japan reported no effect on activated partial thromboplastin time, thrombomodulin, von Willebrand factor, platelet factor 4, or ␤-thromboglobulin in 8 volunteers after a 1-hour exposure to hypobaric hypoxia (0.7 atm) compared with a normobaric control. 29 Similar results were subsequently reported after a 6-hour study. 30 Although we found no overall effect of hypoxia on hemostasis, it is possible that some individuals might respond differently. Our exploratory analysis did show greater dispersion with more outliers in the distribution of changes in coagulation activation in hypobaria than in normobaria. While this might reflect a true biological diversity of response, the similar frequency and magnitude of relative hyperresponsiveness in hypobaria and in normobaria suggest that it may be due to chance.
It is also possible that more profound hypoxemia resulting from cardiopulmonary disease or genetic factors might have some effect, although it is noteworthy that Hodkinson et al 26 observed no coagulation activation at arterial oxygen saturations as low as 82%. Finally, while we found no evident interaction in those at modestly increased risk due to oral contraceptive pill use or older age, these subgroups were relatively small and we cannot exclude the possibility that genetically determined thrombophilia or other risk factors for thrombosis might interact with hypoxia in individuals at higher risk. In a recently reported study, 31 which in contrast to our study included a high proportion of individuals who were oral contraceptive pill users, carriers of the factor V Leiden mutation, or both, median TAT levels were higher after an 8-hour flight in a Boeing 757 airplane than after similar periods while watching movies or performing usual daily activities. There was also a greater prevalence of high responders after the flight, particularly among those who were both oral contraceptive pill users and carriers of the factor V Leiden mutation, raising the possibility that preexisting risk factors might interact with some flightrelated factor other than immobility. While our data do not support a causative role for hypobaric hypoxia in that regard, neither do they rule it out.
In conclusion, our findings do not support the hypothesis that hypobaric hypoxia of the degree that might be encountered during long-haul air travel is associated with prothrombotic alterations in the hemostatic system in healthy individuals at low risk of venous thromboembolism. 
